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Abstract
Using density functional theory, we present a comparative study of the electronic properties of
BN-doped graphene monolayer, bilayer, trilayer, and multilayer systems. In addition, we address
a superlattice of pristine and BN-doped graphene. Five doping concentrations between 12.5% and
75% are considered, for which we obtain band gaps from 0.02 eV to 2.43 eV. We show that the
effective mass varies between 0.007 and 0.209 free electron masses, resembling a high mobility of
the charge carriers.
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The outstanding electronic properties of graphene have caused huge interest in this ma-
terial, though the gapless features restrict to build graphene-based electronic devices, which
could be alternative for existing silicon-based technology. Therefore, opening a finite and
tunable band gap in graphene is demanded. Great efforts have been devoted to opening of
a tunable gap in graphene. Various routes have been proposed, for example: superlattices
of graphene with h-BN [1–4], atomic layers of hybridized h-BN and graphene domains [5],
bilayer graphene [6], graphene nanowires [7], and twisted graphene [8]. In gated bilayer
graphene, a band gap of 250 meV and in graphene nanowires a band gap of 24 meV has
been opened. The substrate induced band gap is found to be 52 meV. In twisted graphene a
band gap 270 meV have been reported. The many other ways also proposed to open a band
gap in graphene, such as oxidation of graphene [9–11], hydrogenation [12], and inducing of
fluorine/boron-oxide in graphene [13–15]. Recently, experimentally, a novel and promising
way to open a band gap in graphene is proposed by controlling the domain size of in-plane
heterostructures of graphene and h-BN [16]
The h-BN is wide band gap insulator with the same honeycomb structure as graphene
[17, 18]. It exhibits many attractive properties such as high in-plane mechanical strength,
excellent chemical inertness, and high thermal conductivity [19–23]. It is suitable material
to form the hybrid structure with graphene due to minimal lattice mismatch of about 1.6%
and both having same structural dimensionality. Hence, it is easy to achieve the hybrid
structures of graphene and h-BN either in-plane manner or in stacking scheme as it has
been demonstrated experimentally in Refs. [5, 16]. Experimentally and theoretically the B/N
doped graphene have been studied [24–27] and BN doped graphene leads to semiconducting
[28–30]. Still mechanism of the opening of the band gap in BN doped graphene, its electron
effective mass, and mobility are unsettled.
Recently, the BN doped multilayer graphene and BN domain in graphene has been syn-
thesized [16, 30]. Motivated by these experimental reports, we investigate the effect BN
doping in the electronic properties of graphene monolayer, bilayer, trilayer, multilayer, and
superlattice of pristine and BN-doped graphene, using density functional theory. The open-
ing of the band gap found to be 0.02 eV to 2.43 eV for 12.5% to 75% BN concentration.
The calculated value of band gap are in good agreement with the available experimental and
theoretical data. We estimate the electron effective mass for all the systems under study
and found to be the value varies form 0.007 me (which is smaller than that of reported for
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similar systems) to 0.209 me. We also estimate the mobility, which is as high as graphene
on h-BN.
The results presented here are obtained from first-principles density functional theory in
generalized gradient approximation [31]. The QUANTUM-ESPRESSO code is used with a
plane-wave cutoff energy of 45 Ry [32]. In addition, Van der Waals interaction has been
taken into account via Grimmes scheme [33], which is expected to provide correct interlayer
spacing and dispersion. A MonkhorstPack with a 8×8×1 k-mesh is used for all calculations
under study. A 4×4 supercell of graphene is used in our calculations. For all the structures,
the atomic positions are fully relaxed until the energy convergence of 10−5 Ry and the force
convergence of 10−4 Bohr/Ry is achieved.
The BN-doped graphene is classifies as (1) monolayer (see Fig. 1), (2) bilayer, (3) trilayer,
(4) multilayer, and (5) superlattice. In all these systems, we have used five different BN-
doping concentrations such as 12.5% (2B2N), 25% (4B4N), 43.75% (7B7N), 56.25% (9B9N),
and 75% (12B12N). In all of the mentioned doping concentration the ratio of B to N atom
is same [5]. Turning to stacked structure: bilayer, trilayer, multilayer (superlattice of BN-
doped graphene), and superlattice of pristine graphene with BN-doped graphene, there are
two stacking schemes, such as AA and AB with different geometry. All of the possible
configurations, N centered orientation in AB stacking is the most stable [3]. Hence, we
only consider N centered AB stacking structures in our calculations. The distance between
two layer in BN-doped bilayer and trilayer graphene is found to be 3.34 A˚ which is same
as the separation between two layer in graphite. In all system under study, we found
a = b = 9.94 A˚. We use a vacuum layer of 12 A˚ in order to avoid the interlayer interactions
due to the periodic boundary conditions. Multilayer and superlattice of pristine and BN-
doped graphene have orientation similar to that of BN-doped bilayer graphene in which the
distance between two layer is equal to 3.36 A˚ and the length of the c lattice to be 6.72 A˚.
The modified C−C bond length for all the systems under study are vary from 1.40 A˚ to 1.43
A˚, C−B bond length varies from 1.46 A˚ to 1.49 A˚, C−N bond length varies from 1.36 A˚ to
1.40 A˚, and B−N bond length varies from 1.40 A˚to 1.45 A˚, while for pristine graphene C−C
bond length is 1.42 A˚ and B−N bond length is 1.44 A˚ for pristine h-BN. The bond angle in
BN-doped systems varies from 117◦ to 122◦, which is 120◦ for pristine graphene/h-BN.
To understand the stability of the structure and to compare the energetics we calculate
the cohesive energy. The cohesive energy is calculated as Ecoh =
Ecell−n·EC−m·EB−p·EN
n+m+p
, where
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FIG. 1. Supercells used for modeling different BN concentrations.
Ecoh, cohesive energy, Ecell is the total energy of BN doped 4×4 supercell, EC , EB, and EN
are the total energy of isolated C, B, and N atoms, which is calculated by placing a single
atom in a large and n, m, p are the total number of C, B, and N atoms, respectively. The
calculated values of cohesive energy for all the systems under study are presented in Table
I. The cohesive energy for BN-doped monolayer ranges from 7.76 eV/atom to 8.02 eV/atom
for 12.5% to 75%, which value is 7.75 eV/atom to 8.00 eV/atom for both bilayer and trilayer,
and 7.75 eV/atom to 8.12 eV/atom for multilayer and superlattice of pristine and BN-doped
graphene. These value slightly higher than that of the cohesive energy of 7.41 eV/atom for
graphite [34], close to superlattices of graphene and h-BN [2], and also well agree with the
obtained value of the cohesive energy of h-BN [35]. From these obtained data for cohesive
energy, we can conclude that all the system under study are highly feasible.
The band gap is an intrinsic property of semiconductors, which indeed hugely determines
the transport and the optical properties. It should have a key role in modern device industry
and technology. In this contrast, we focus the sensitivity of the electronic properties of the
BN-doped thicker and thinner graphene by varying the BN concentration of 12.5% to 75%.
The calculated electronic structures of pristine graphene and BN-doped thinner and thicker
graphene along the Γ-K-M-Γ path is addressed in Fig. 2. The top row represents a monolayer
graphene doped by 12.5% to 75% of BN atoms, second row represents bilayer, third row
represents trilayer, fourth row represents multilayer, and fifth row represents superlattice of
pristine graphene and BN-doped graphene with the same concentration as monolayer. We
obtain the band gap of 0.42 to 2.43 eV for 12.5% to 75%, respectively, for all the systems
under study, see Table I. The increasing of the band gap with respect to the BN concentration
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in graphene is addressed in Fig. 3. The opening of the band gap is attributed by the broken
sublattice symmetry of the pristine graphene due the presence of the BN pair. Recently, the
experimental setup for such level of doping is established by mass production of graphene
samples using CH4 gas as C source and ammonia borane precursor for BN source, which are
introduced as a vapor in the whole duration of graphene growth [36]. The concentration of
the BN in graphene sample can be varied and controlled by controlling annealing temperature
of the precursor. This process can be monitored by the X-ray photoelectron spectroscopy,
which indeed confirms the monotonus increment in the BN concentration by the rising of
the annealing temperature of the precursor. The authors of Ref. [36] measured the band gap
of about 0.6 eV for low concentration of the BN in the graphene sample, which in fact very
close to our calculated band gap for the low concentration of 12.5%. The another reason
for the opening of the band gap is the change in the on-site energy of graphene due to the
isoelectronic co-doping of BN pairs [37]. The obtained value of the band gap is increasing
monotonically with increasing the BN pairs in the graphene sheet, due to the changing the
on-site energy of the more and more carbon atoms in the system.
The electronic band structure of undoped and the BN-doped bilayer and trilayer graphene
by 12.5% to 75% are shown in second and third rows of the Fig. 2. The pristine bi-
layer/trilayer graphene is metallic in nature [38, 39]. The variation of the band gap follows
the similar trend as in the case of monolayer but with slightly smaller gap, see Table I
and Fig. 3. The band gap is decreasing with increasing the number of layers due the fact
that the inversion symmetry broken for the bilayer/trilayer BN-doped graphene. The band
gap opening in pristine bilayer graphene by the breaking of the inversion symmetry due
to the application of the finite electric field has been demonstrated experimentally [39], a
band gap of 250 meV has been achieved. However, in our calculations, by BN-doping in
bilayer/trilayer graphene a variable band gap of 0.04 eV to 2.20 eV is obtained, which can be
enhanced and controlled by applying the electric field as it has been investigated for pristine
bilayer graphene. The system we have studied here have been synthesized experimentally
[5, 16, 30].
The quantization of the energy states in the potential wells are important to understand
the characteristic features of the superlattices. Which is always depends on the barrier
height, when the barrier hight is small then 2 A˚ the electronic energy bands should split into
quasi-two-dimansional subbands like in conventional superlattices, for example InAs/GaSb.
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FIG. 2. Electronic band structure of BN-doped graphene for concentrations between 0% (red lines)
and 75% (blue lines). First row: monolayer, second row: bilayer, third row: trilayer, fourth row:
multilayer, fifth row: superlattice of pristine and BN-doped layers. Note that the high symmetric
points of the 4× 4 supercell are folded back to the same points of the 1× 1 cell.
Moreover, if the barrier height is greater than 2 A˚, the possibility of the overlapping of the
neighbouring wavefunctions become suppressed. This give rise the the separate quantum
wells of the superlattices [4]. In our case the superlattices having a barrier height of greater
than 2 A˚ (i.e. 3.36 A˚). Our calculated band gap for superlattice is smaller than that of BN
doped monolayer, bilayer, and trilayer graphene, see the electronic band structure addressed
in fourth row of the Fig. 2 and Table I. Following the same trend as the other cases discussed
above, the band gap increasing with the increasing the concentration of the BN atoms, which
is well agree with the available theoretical prediction [40] and experimental observation [30].
Essentially, the electronic band structure of the superlattice is presented in fifth row of the
Fig. 2 and obtained data are summarized in Table I. In this case, the minimum band gap
of 0.08 eV to the maximum of 0.13 eV is observed. These obtained values are well agree
with the available data for similar systems [2–4]. The superlattice with all the BN doping
concentration would be a promising candidate to build electronic device in a low voltage
limit [39]. All the systems with low BN doping concentration are good for thermoelectric
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applications.
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FIG. 3. Band gap as a function of doping for various BN-doped graphene systems.
From tight-binding approximation, the energy spectrum of gapped graphene, where the
charge carriers behaves as massive Dirac particles is expressed asE(k) = ±v
√
k2x + k
2
y +m
∗2v2
[41], where ± represents the conduction and valance bands, kx and ky are wave vector and
m∗ is electron effective mass and hence band gap can be formulated as Eg = 2m
∗v2. Finally,
we attempt to calculate the electron effective mass of the electron defined by (m∗) ∼ Eg
2v2
[42],
where Eg is the band gap and v is the Fermi velocity, which is found to be ∼0.8·10
6 m/s for
BN doped systems. It is reported that the interlayer spacing is the key point to control the
band gap in bilayer graphene but with the increasing the band gap the value of m∗ is hugely
increased, which is not good for device application because it suppress the carrier mobility.
Hence, its very important to keep and control the m∗ as much as small. Our calculated
electron effective mass for all the systems under study is varies from 0.007 me to 0.209 me,
presented in Table I. The calculated m∗ really very small for low concentration limit of all
the BN doped graphene systems. Interestingly the m∗ is lowest form all the concentration
from 12.5% to 75% for superlattice of pristine and BN-doped graphene because of smallest
band gap opening in this system, and hence would be great candidate to built a electronic
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and opto-electronic devices, those can be operated in a low voltage/energy gap with a highly
enhanced mobility [43].
Quantity Concentration (%) Monolayer Bilayer Trilayer Multilayer Superlattice
Ecoh (eV)
12.5 8.02 8.00 8.00 8.12 8.18
25 7.94 7.93 7.93 7.92 8.15
43.75 7.85 7.84 7.84 7.83 8.11
56.25 7.78 7.79 7.77 7.77 8.08
75 7.76 7.75 7.75 7.75 8.07
Eg (eV)
12.5 0.42 0.11 0.04 0.02 0.08
25 0.85 0.50 0.40 0.49 0.12
43.75 1.46 1.30 1.15 0.96 0.20
56.25 1.76 1.52 1.40 1.22 0.14
75 2.43 2.20 2.08 1.90 0.13
m∗ (me)
12.5 0.040 0.009 0.003 0.02 0.007
25 0.073 0.043 0.034 0.042 0.010
43.75 0.125 0.111 0.098 0.082 0.017
56.25 0.151 0.130 0.120 0.105 0.012
75 0.209 0.189 0.178 0.163 0.011
µ
(m2V−1s−1)
12.5 0.84 3.71 6.68 1.67 4.77
25 0.46 0.78 0.48 0.85 3.34
43.75 0.28 0.30 0.34 0.40 1.97
56.25 0.22 0.26 0.28 0.32 2.78
75 0.16 0.18 0.19 0.20 3.04
TABLE I. Cohesive energy, band gap, effective mass, and electron mobility for various BN-doped
graphene systems.
We next calculate the electron mobility for all the systems under study. The electron
mobility can be expressed as µ = eτ
m∗
, where τ is the momentum relaxation time with a typical
value of 1.9·10−13 s for Si doped graphene [44] and e is the charge of electron (1.6·10−19 c).
The estimated µ varies from 0.18 m2V−1s−1 to 6.68 m2V−1s−1, see Table I. We found the
µ∗ is amazingly high for the BN-doped trilayer graphene which is 6 times higher than that
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of SiO2 gated pristine graphene [45] and 1.11 times higher than that of graphene on h-BN
substrate [46]. We believe that our investigated systems should be excellent candidate for
device application.
In conclusion, we performed the comparative study of electronic properties of BN doped
monolayer graphene, bilayer, trilayer, multilayer, and superlattice of pristine and BN-doped
graphene. Our results prevail that the band gap of graphene system can be tuned by
BN-doping with different stacking pattern and concentrations. Due to the breaking of the
sublattice symmetry by presence of B and N atoms a band gap of 0.02 eV to 2.43 eV is
obtained for 12.5 % to 75% BN-doping concentration. Our estimated electron effective mass
for the systems under study is found to be varies form 0.007 me to 0.209 me, which is smaller
than that of obtained for similar systems before. A giant mobility is estimated as compared
to experimentally observed value for graphene on h-BN [46], would have great impact on
devices. Finally, our predict is to open finite and tunable band gap in BN-doped graphene
with a giant mobility, which is promising for future graphene based electronics [5, 16, 30].
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